Glycophorins A (GPA) and B (GPB) are two major sialoglycoproteins of the human erythrocyte membrane. Here we present a comparison of the genomic structures of GPA and GPB developed by analyzing DNA clones isolated from a K562 genomic library. Nucleotide sequences of exonintron junctions and 5' and 3' flanking sequences revealed that the GPA and GPB genes consist of 7 and 5 exons, respectively, and both genes have >95% identical sequence from the 5' flanking region to the region -1 kilobase downstream from the exon encoding the transmembrane regions. In this homologous part of the genes, GPB lacks one exon due to a point mutation at the 5' splicing site of the third intron, which inactivates the 5' cleavage event of splicing and leads to ligation of the second to the fourth exon. Following these very homologous sequences, the genomic sequences for GPA and GPB diverge significantly and no homology can be detected in their 3' end sequences. The transition site from homologous to nonhomologous sequences can be localized within Alu repeat sequences. The analysis of the Alu sequences and their flanking direct repeat sequences suggest that an ancestral genomic structure has been maintained in the GPA gene, whereas the GPB gene has arisen from the acquisition of 3' sequences different from those of the GPA gene by homologous recombination at theAlu repeats during or after gene duplication.
Glycophorins A (GPA) and B (GPB) are major membrane sialoglycoproteins ofhuman erythrocytes. GPA carries the M or N blood group antigen, which is determined by amino acids at residues 1 and 5. GPB carries N blood group antigen as well as S or s blood group antigen, which is determined by the amino acid residue at position 29 (for review, see ref. 1) . The amino acid sequences of GPA and GPB and their cDNA sequences have been determined (2) (3) (4) (5) (6) (7) (8) . Comparison of these sequences shows that GPA and GPB share highly homologous amino acid sequences, particularly in the first 26 Nterminal residues, which are completely identical when group N GPA and GPB are compared (5, 6) . The nucleotide sequences derived from cDNA clones encoding these regions are almost identical (5, 8) . Another highly homologous region is observed in the transmembrane domain. On the other hand, a segment (amino acid residues 27-58) ofGPA is absent from GPB, and GPA has an additional 30 amino acid residues at the C terminus. Furthermore, cDNA sequences show that the 3' untranslated region of GPA is quite different from that of GPB (5, 7, 8) . Nevertheless, both genes have structures similar enough to assume they derived from a common ancestral gene. It also has been shown that the expression of GPA and GPB are regulated in a similar manner. Both GPA and GPB are specifically expressed on erythroid cell lineage (9, 10) and both are decreased substantially when erythroleukemic K562 and HEL cells are treated with tumorpromoting phorbol esters (4, 5) .
We have recently shown by genomic DNA hybridization with oligonucleotide probes that GPA and GPB are encoded by separate and distinct genes (4, 5) . In an effort to further delineate the genomic structure, gene evolution, and regulated expression of the glycophorins, we have isolated genomic clones that span >30 kilobases (kb) each of the GPA and GPB genes from a K562 genomic library. NaDodSO4/proteinase K treatment following phenol/chloroform extraction as described (11) .
Construction and Screening of Genomic DNA Libraries. K562 genomic DNA was partially digested with restriction endonuclease Mbo I and the resulting cohesive ends were modified so as to fill in the first two nucleotides, using the Klenow fragment of E. coli DNA polymerase and dATP and dGTP as substrates. Resultant genomic fragments were cloned without size selection into the phage vector Lambda FIX (Stratagene), which had been treated as follows. Lambda FIX DNA was completely digested with Xho I endonuclease and the cohesive ends were partially filled in with Klenow fragment and dCTP and TTP to make the termini complementary to those of the genomic fragments. These partial fill-in procedures inhibit the self-ligation of insert or vector. After ligation ofgenomic fragment to the vector with T4 DNA ligase, DNAs were packaged in vitro using Gigapack Gold (Stratagene). The library was plated on E. coli MB406 and 4620 Genetics: Kudo and Fukuda screened by the in situ hybridization method described elsewhere (12) . Two oligonucleotides, LP and GC, were synthesized and labeled by T4 kinase and [,y-32P]ATP and used for hybridization as described (5) . LP (37-mer) corresponds to the nucleotide sequence in the leader peptide coding region, starting with the methionine codon, whereas GC (27-mer) corresponds to the nucleotide sequence encoding amino acid residue 18 (lysine) to residue 26 (asparagine). Screening was repeated until all plaques showed positive signals. Recombinant phage DNAs were purified by the method of Leder et al. (13) and identified and characterized by Southern blot (14) hybridization analysis. The cDNA probes were made by the random-oligonucleotide primerextension method (15) .
Sequence Determination. DNA inserts in phage DNA were subcloned into Bluescript vectors (Stratagene). Plasmids were purified by the alkaline lysis method followed by CsCl ultracentrifugation (16) . Double-stranded DNA clones were sequenced by the dideoxynucleotide chain-termination method (17) To obtain clones carrying the downstream genomic region, we screened the same library with the GC oligonucleotide probe, whose sequence is also perfectly shared in GPA and GPB cDNA sequences (5) . A total of 25 clones were isolated and analyzed by Southern hybridization. Our previous results showed that a 2.0-kb fragment is reactive with the GC oligonucleotide probe in EcoRI-digested total genomic DNA (4, 5) . EcoRI fragments with the same size were detected in two clones, C2 and C25. Clone C2 has four EcoRI fragments, 2.0, 3.5, 2.8, and 1.25 kb, which are also detected in total genomic DNA hybridization by GPA cDNA (4). On the other hand, clone C25 has three EcoRI fragments, 2.0, 3.5, and 4.2 kb, which are detected in total genomic DNA by GPB cDNA (HGpB-1; ref. 5) (unpublished results). Clones C2 and C25 were therefore expected to be derived from the GPA and GPB genes, respectively ( Fig. 1 ). EcoRI and/or Sal I fragments from each genomic insert were subcloned into Bluescript and their nucleotide sequences were determined.
Organization of the GPA Gene. To understand the organization of the GPA gene, the first attempt was made to define the transcription initiation site by S1 nuclease mapping and primer-extension analysis. For S1 nuclease mapping, a Bgl I/Fok I-digested fragment was used, whereas LP oligonucle- otide (see above) was used for primer extension. The results of both experiments agree well within a few bases, and adenosine, which is 55 nucleotides upstream from the adenosine for the initiaion methionine, was identified to be the transcription initiation site (data not shown). It is noteworthy that this initiation site is the same as the uppermost 5' end of GPA cDNA recently identified by Tate and Tanner (8) .
Nucleotide sequences were determined around exon-intronjunctions and at 5' and 3' flanking regions using synthetic oligonucleotides based on known GPA cDNA sequences as primers. Each boundary was confirmed by comparison of obtained sequences to cDNA sequences. These results are shown in Fig. 2 and reveal the following features. Two-thirds ofthe leader peptide is encoded in the first exon and one-third is in the second exon. These two exons are interrupted by a large intron of >30 kb. The length of the first intron was estimated by isolation of genomic clones from a K562 cell cosmid library. One cosmid clone, isolated by LP oligonucleotide as a probe, encompasses close to 30 kb downstream from exon 1 but was found not to contain exon 2 (unpublished results). Further studies are necessary to define completely intron 1. Blood groups M and N are specified by both the first and fifth amino acid residues of mature GPA protein, and these are encoded in the second exon. In clone C2, the first codon specifies serine and the fifth glycine, indicating that this clone was derived from the group M GPA gene. The second exon is spliced to the third exon, which is unique in the GPA gene. The third exon is followed by a 0.9-kb intron and is spliced to the fourth exon. In this exon, the genomic DNA sequences diverge between GPA and GPB genes when compared with the first and second exons. The fourth exon A was spliced to the fifth exon, which contains sequences encoding the transmembrane domain. The fifth exon was spliced to the sixth, a unique exon in the GPA gene, interrupted by a 2.1-kb intron (Fig. 2B) . Finally, this exon is spliced to the exon encoding the 3' untranslated region, with removal of a 3.2-kb intron to form the mature mRNA. All the 5' donor and 3' acceptor sites conform with the exon---/ gt---intron---ag/---exon consensus sequence (18) . Also, there are branch points in every intron that are necessary for lariat formation of precursor mRNA (19, 20) , positioned within 37 base pairs (bp) from the 3' splicing sites, as indicated by asterisks in Fig. 2 .
Organization ofthe GPB Gene. Nucleotide sequences ofthe GPB gene are found to be very similar to those of the GPA gene up to the region --1 kb downstream from exon 5. Splicing sites between the first and second exon are the same sites as found in the GPA gene. The first nucleotide of the second exon is changed from that of the GPA gene, explaining the difference in the amino acid at position -7 in the leader peptide. The first and fifth amino acid residues of a mature GPB protein encoded in the second exon are leucine and glutamic acid, respectively, showing that this clone was certainly derived from a GPB gene ( Fig. 2A) .
By analysis of GPB cDNA, the GPB gene lacks exon 3 (5 
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Exon 6 --aaaattgtgttattaatattttatggtatttcttcatag / AAA AGC CCA TCT GAT GTA AAA CCT CTC CCC TCA CCT GAC ACA GAC GTG CCT TTA AGT Proc. Natl. Acad. Sci. USA 86 (1989) with the consensus sequence (YNYTRAY) (Y, pyrimidine; R, purine) (19) . But the GPB gene has substitutions in this site, changing TCTTGAC to TCTTGTT. The second significant difference in this region is that the 5' splice site of intron 3 is disrupted in the GPB gene. The change from CG/gtat to cgttat resulted in the loss of the 5' splice cleavage site (arrow in Fig. 2A) . Because of this disruption in the 5' splice site, the third exon of the GPB gene is skipped and direct ligation between the second and fourth exon apparently takes place. Two mechanisms are possible for explaining these results. One is that the mutation in the branch site of intron 2 abolishes the function of the 3' splice site so that intron 2, mutated exon 3, and intron 3 work as a single intron. In this case, the presumptive branch point, tctcaac in intron 2, does not work as a branch point, but the presumptive branch point in intron 3 must work as a branch point. The second and most interesting possibility is that the splicing machinery moves from the 3' to 5' end of precursor RNA so that the 5' cleavage of intron 3 as well as the 3' cleavage of intron 2 are ignored. In relation to this result, it is noteworthy that one type of ,8-thalassemia was produced by a similar splicing pattern due to a mutation at the 5' splice site (21) . Since no mutation was detected at the upstream splice sites, the results strongly favor the 3' to 5' movement of splicing machinery.
Compared with GPA, GPB has an additional three amino acid residues in the transmembrane domain encoded by exon 5. This difference is due to a change at the 3' splice site generated by a single base pair substitution (T-+ G), resulting in the formation of a ttag/CT sequence from ttatct (arrow in Fig. 2A ). In addition, the first nucleotide in exon 5 ofthe GPA gene is substituted from adenine to thymidine in the GPB gene. Therefore, a 3' splice site 9 bp upstream is used, and an additional three amino acids are encoded by 9 nucleotides of in-frame intron sequence ( Fig. 2A) .
Comparison of cDNA sequences of GPA and GPB shows that the GPB gene lacks exon 6. To know whether there is a region corresponding to this exon in the GPB gene, Southern hybridization of clone C25 was performed with a synthetic oligonucleotide used as probe. The oligonucleotide GA was synthesized according to the sequence of GPA exon 6 (see ref. 5). Hybridization was not detected, even under conditions of low stringency (data not shown). Sequencing studies also confirmed that GPA and GPB genes have quite different structures downstream from exon 5 and showed that exon 5 is spliced to the exon encoding the 3' untranslated region, which is unique to the GPB gepe (Fig. 2C) .
Transition Sites in GPA and GPB Genes. To find the sites of transition from homologous to ponhomologous sequences in the GPA and GPB genes, we sequenced from the 5' end of a 2.8-kb subclone of the GPA gene and a 4.2-kb subclone of the GPB gene, which are adjacent to exon 5 ( Fig. 1) . Highly homologous sequences continued until 350 bp distant from an upstream EcoRI site. Within this region, computer search analyses revealed the existence of human Alu repeat sequences. The Alu sequences lie in inverted orientation and are composed of 304 bp in GPA and 294 bp in GPB genes, respectively (Fig. 3A) . The difference in size is mainly due to a variation in the length of the 5' poly(T) stretch. In general, Alu sequences are flanked on both sides by direct repeats of 7-20 bp, suggesting structures similar to mobile genetic elements (22, 23) . In fact, the transposition ofAlu element led to inactivation of the target gene when cells were fused with UV-irradiated cells (24) . The GPA gene has direct repeats consisting of 18 bp with 3-bp mismatches having 83.3% homology. In contrast, the direct repeats in the GPB gene contain only 65.5% homology (Fig. 3B ). This latter value is significantly low, because the average homology estimated by Schmid and Shen using a data base is 88% (25) . On the other hand, the upstream element is well conserved between GPA and GPB genes with only a 1-bp mismatch. Therefore, it is thought that the upstream repeat sequences of GPA and GPB genes were derived from the same origin, but the downstream repeat sequences were derived from different origins. Since the direct repeats were conserved in the GPA gene, the original genomic structure around the Alu repeat is represented by the GPA gene. It is likely, therefore, that the GPB gene acquired a different Alu sequence in the downstream sequence. Although it is difficult to identify the exact recombination point in Alu repeats, the homology between GPA and GPB sequences is lost within the last 23 bp of the 3' end of Alu repeats having 6-bp mismatches. These results strongly suggest that recombination took place somewhere upstream of the 3' end of the Alu sequences, as shown in Fig.   3A . This recombination site in Alu sequences lies between A and B promoter sequences for RNA polymerase III (32) , as has been observed in the majority of recombination sites in Alu sequences (26) (27) (28) mutation of the duplicated gene. By analyzing the sequences in the homologous region, it is possible to estimate the period after the gene duplication. Intron sequences flanking exon 1 to exon 5 between the GPA and GPB genes have 95.5% identity in a total 4-kb sequence determined so far. These regions are expected to evolve at the rate for neutral evolution. It was therefore estimated that the duplication of the ancestral gene took place about 9-35 million years ago, according to two different divergence rates at 0.5% per million years for the average mammalian rate (29) or at 0.13% per million years for the average primate rate (30) .
It is possible that Alu repeats were directly involved during duplication (Fig. 4B) or during recombination upon crossover after the gene was duplicated (Fig. 4A) . In both cases, homologous recombination through Alu repeats resulted in a 3' end sequence unique to the GPB gene and the loss of exon 6. The original gene, on the other hand, directly evolved into the GPA gene. Most of the human population has the GPB gene. It is significant that homologous recombination of Alu repeats was involved in evolution of a gene existing generally in humans. It has been proposed that Alu-related repeated sequences function as origins for chromosomal replication (31) . If this is the case, it also explains why Alu repeats may serve as recombination sites. It is therefore possible that AluAlu homologous recombination plays a role in generating a number of genes.
